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Variable Alkaloid Defenses in the Dendrobatid Poison 
Frog Oophaga pumilio are Perceived as Differences
in Palatability to Arthropods
Sarah K. Bolton1 & Kelsie Dickerson2 & Ralph A. Saporito1
Abstract Conspicuously colored dendrobatid frogs sequester
alkaloid defenses from dietary arthropods, resulting in consid-
erable alkaloid variation among populations; however, little is
known about how variation is perceived as a defense against
predators. Previous studies have found variable alkaloids in
the dendrobatid Oophaga pumilio to be associated with dif-
ferences in toxicity to laboratory mice, suggesting variable
defenses are important. Arthropods are natural predators that
use chemoreception to detect prey, including frogs, and may
therefore perceive variation in alkaloid profiles as differences
in palatability. The goal of the present study is to determine
how arthropods respond to variable alkaloid defenses in
O. pumilio. Frog alkaloids were sampled from individual
O. pumilio from ten geographic locations throughout the
Bocas del Toro region of Panama and the Caribbean coast of
Costa Rica. Alkaloid extracts were used in feeding bioassays
with the vinegar fly Drosophila melanogaster and the ant
Ectatomma ruidum. Both species of arthropods fed signifi-
cantly less on frog alkaloid extracts when compared to con-
trols, and differences in alkaloid palatability were observed
among frog populations, as well as between sexes and life
stages within a population. Differences in alkaloid quantity,
richness, and type were the main predictors of arthropod pal-
atability. Our findings also represent the first direct evidence
of a palatability spectrum in a vertebrate that sequesters chem-
ical defenses from dietary sources. Further, the presence of a
palatability spectrum suggests that variable alkaloid defenses
in O. pumilio are ecologically relevant and play an important
role in natural predator-prey interactions, particularly with re-
spect to arthropod predators.
Keywords Ant . Chemical defense .Ectatomma ruidum .
Vinegar fly . Palatability assay . Palatability spectrum
Introduction
Chemical defenses are present in a variety of organisms and
represent unique protective adaptations aimed at deterring mi-
crobial pathogens, parasites, and natural predators (Savitzky
et al. 2012; Speed et al. 2012). Chemically defended organ-
isms have a widespread distribution across many taxa, giving
rise to several different classes of defensive chemicals such as
terpenoids, phenolics, steroids, biogenic amines, peptides,
proteins, and alkaloids (Hancock and Scott 2000; Mithöfer
and Boland 2012). Most chemically defended organisms can
synthesize their own defensive compounds, but others seques-
ter defenses and are entirely dependent on external sources
such as diet or symbionts for their chemical protection
(Hartmann et al. 2001; Termonia et al. 2001; Williams
2010). Numerous phytophagous arthropods have evolved spe-
cialized adaptations to circumvent plant defenses and seques-
ter them for use in their own defense (Opitz and Müller 2009;
Wittstock and Gershenzon 2002), and several vertebrates are
also adapted to sequester defenses from their diet (for reviews,
see Saporito et al. 2012; Savitzky et al. 2012). Among verte-
brates, members of five different families of poison frogs have
evolved the ability to use alkaloids obtained from dietary ar-
thropods as amode of defense. These include the dendrobatids
(Dendrobatidae) from Central and South America, bufonids
(Melanophryniscus) from South America, mantellids
* Ralph A. Saporito
rsaporito@jcu.edu
1 Department of Biology, John Carroll University, 1 John Carroll
Boulevard, University Heights, OH 44118, USA
2 Department of Environmental Science, Policy, and Management,
University of California at Berkeley, 130 Mulford Hall #3114,
Berkeley, CA 94720, USA
(Mantella) from Madagascar, myobatrichids (Pseudophryne)
f r om Aus t r a l i a , and ce r t a i n e l eu the rodacy l i d s
(Eleutherodactylus) from Cuba (Saporito et al. 2012).
Vertebrates dependent on dietary sources for their chemical
defenses often exhibit tremendous variation in the type and
quantity of their sequestered defenses (Saporito et al. 2009;
Savitzky et al. 2012; Speed et al. 2012). Variation in defense
can occur geographically and temporally, and is largely attrib-
uted to differences in food availability, but also include age,
size, and sex (Jeckel et al. 2015; Saporito et al. 2007a, 2012;
Speed et al. 2012; Stynoski et al. 2014a). Variation in diet for
vertebrates that sequester chemical defenses are hypothesized
to result in differences in the ability of individuals, popula-
tions, and/or species to protect themselves from predation
(Bowers 2003; Brower et al. 1968; Saporito et al. 2007a;
Savitzky et al. 2012); however, relatively little empirical work
has tested how variation in chemical defenses might function
as a defense against natural predators (however, see Murray
et al. 2016). Recently, theoretical studies have proposed that
variation in prey defenses are only important if predators are
able to detect and respond to this variation (Speed et al. 2012;
Summers et al. 2015). Therefore, experimental studies are
necessary to fully understand the ecological and evolutionary
importance of variable chemical defenses in vertebrates.
Conspicuously colored dendrobatid frogs represent a well-
studied group of vertebrates that acquire defenses from a diet
of mites, ants, beetles, and millipedes (Daly et al. 2002;
Saporito et al. 2007a, b, 2009). Due to differences in the dis-
tribution, abundance, and availability of these dietary arthro-
pods, dendrobatids often exhibit tremendous alkaloid variabil-
ity within and among populations, between sexes, throughout
life stages, and over time (Daly et al. 1978, 1987, 2002; Daly
and Myers 1967; Saporito et al. 2006, 2007a, 2010a, 2010b,
2012; Stynoski et al. 2014a). Given the large degree of varia-
tion in dendrobatid defenses, it is possible that predators per-
ceive differences in alkaloids as a spectrum of palatability
(Fritz et al. 1981; Murray et al. 2016; Saporito et al. 2007a;
Szelistowski 1985). For example, chemically defended arthro-
pods with variable defenses are known to exhibit ‘palatability
spectra’ that are perceived by predators (e.g., leaf beetles in the
genus Platyphora; Hartmann et al. 2001). Furthermore,
Brower et al. (1967, 1968) examined differences in preda-
tion upon the monarch butterfly (Danaus plexippus) by
avian predators and found that butterflies differed in their
relative ‘palatability’, which was attributed to differences
in diet as caterpillars. Preferential feeding by predators on
more palatable arthropods suggests that prey will differ in
their risk of predation, with some experiencing more or
less predation than others (Brower et al. 1968; Bowers
2003; Saporito et al. 2007a). Whether or not dendrobatid
frogs, with their variable sequestered defenses, exhibit a
similar ‘palatability spectrum’ is not well understood and
is the main focus of the present study.
The dendrobatid frogOophaga pumilio is characterized by
particularly variable alkaloid defenses throughout its geo-
graphic range from southern Nicaragua through northwestern
Panama, differing in defense among populations, between
sexes, among life stages, and over time (Saporito et al. 2006,
2007a).More than 232 different alkaloids have been identified
in O. pumilio (categorized into 24 structural classes), and in-
dividual frogs possess between 4 and 44 different alkaloids
(Saporito et al. 2007a). Ants and spiders are important natural
predators of this species (Hovey et al. 2016; Murray et al.
2016; Santos and Cannatella 2011), both of which use chemo-
reception to detect prey and therefore may be particularly
sensitive to differences in alkaloid defenses. Recently,
Murray et al. (2016) investigated differences in predation by
bullet ants (Paraponera clavata) and red-legged banana spi-
ders (Cupiennius coccineus) on different life stages of
O. pumilio, and provided evidence that ant predators are sen-
sitive to differences in alkaloid defenses; however, it is not
known how alkaloid variation among populations of
O. pumilio translates to predator avoidance. The extensive
population-level variation in chemical defenses in
O. pumilio, coupled with the fact that their natural arthropod
predators use chemoreception, makes it an ideal species to
study how alkaloid variation in dendrobatids is perceived by
arthropods.
Investigations on variable alkaloid defenses in O. pumilio
have been predominantly focused on measuring alkaloid tox-
icity to laboratory mice in minimum lethal dose, LD50, or
irritability assays. Overall, these studies have shown that var-
iation in alkaloids is related to differences in toxicity (Daly
and Myers 1967; Darst et al. 2006; Maan and Cummings
2012). Daly and Myers (1967) investigated alkaloid toxicity
in terms of minimal lethal dose for several populations of
O. pumilio from Bocas del Toro, Panama. These assays were
performed by injecting mice subcutaneously with naturally
occurring alkaloids dissolved in saline, which served as a
proxy for quantifying toxicity. Daly and Myers (1967) found
considerable variation in toxicity among populations. Maan
and Cummings (2012) further expanded the research of Daly
and Myers (1967) by adapting a slightly different model for
quantifying toxicity (i.e., irritability assays), which were per-
formed by injecting alkaloids from individual frogs into mice
that were bred to sleep (CD-1 outbred strain; Harlan
Laboratories). Alkaloid toxicity was thenmeasured as the time
it took these mice to return to sleep after being injected with
alkaloids (Darst et al. 2006; Darst and Cummings 2006; Maan
and Cummings 2012). Maan and Cummings (2012) found
similar results to Daly and Myers (1967) in that there was
considerable variation in toxicity among populations.
Collectively, these studies provide evidence that variation in
the alkaloid defenses of O. pumilio leads to differences in
toxicity to mice; however, mice are not natural predators of
frogs, and it still remains unclear how a natural group of
predators (such as arthropods) might perceive variable alka-
loid defenses, and most importantly, how this translates to
predator avoidance.
Most arthropods use chemoreception as their primary
mode of foraging and detecting prey, and appear particularly
sensitive to differences in bitter substances such as alkaloids
(Fritz et al. 1981; Gray et al. 2010; Lachaud 1990; Levings
and Franks 1982; McGlynn et al. 2010; Szelistowski 1985).
Vinegar flies (Drosophila melanogaster) are a commonly
used arthropod model in studies of taste perception and used
specifically in studies to understand how alkaloids are per-
ceived by arthropods (Devambez et al. 2013; Lee et al.
2015; Meunier et al. 2003; Sellier et al. 2010). Therefore,
vinegar flies represent a good model for determining how
arthropods might perceive variation in alkaloid defenses.
Furthermore, the invasive fire ant, Solenopsis invicta
(Weldon et al. 2013; Schulte et al. 2016) and the omnivorous
neotropical ant, Ectatomma ruidum (Formicidae), have been
used in bioassays to quantify the relative palatability of
dendrobatid frogs. Although S. invicta and E. ruidum are not
natural predators of O. pumilio, they may serve as a good
model for natural ant predators, such as the bullet ant
(P. clavata) (Santos and Cannatella 2011; Murray et al. 2016).
The objective of the present study is to understand the
ecological importance of variable chemical defenses in
O. pumiliowith respect to arthropod predators. To empirically
investigate this, we conducted a series of palatability assays
with the vinegar fly,D. melanogaster and the ant,E. ruidum to
examine how natural alkaloid variation within and among
populations of O. pumilio in Panama and Costa Rica are re-
lated to arthropod palatability.
Methods and Materials
Vinegar Fly Palatability Experiment – Frog and Alkaloid
Collection Fifteen individual O. pumilio were collected from
five locations in the Bocas del Toro Archipelago, Panama in
2006 by R.A. Saporito, as part of a larger study on alkaloid
variation in O. pumilio (e.g., Saporito et al. 2007a, 2010a).
These samples were collected from Isla Popa (9°11′57.84″N,
82°07′47.28″W), Isla Solarte (9°19′56.87″N, 82°13′07.76″
W), Isla Bastimentos (9°20′20.16″N, 82°10′44.926″W), Isla
San Cristobal (9°16′45.17″N, 82°17′26.56″W), and Cerro
Brujo (9°12′07.20″N, 82°12′11.09″W). Three frogs from each
location were used in vinegar fly palatability assays, and fol-
lowing the methods of Saporito et al. (2006, 2007a, and
2010a), only adult frogs were collected (snout-to-vent
length > 19.0 mm) from a single 45 m × 45 m plot.
Individual frog skins were stored in 4 ml glass vials with a
Teflon-lined lid containing 100% methanol. For each individ-
ual frog skin, two alkaloid fractionations were performed
(n = 30 fractionations), one for use in the palatability assays
and the other for alkaloid identification and quantification.
The method of alkaloid fractionation follows that of
Saporito et al. (2010a) and Jeckel et al. (2015). For fraction-
ations used to identify and quantify alkaloids, 100 μl of nico-
tine standard (10 μg nicotine/100 μl methanol) was added as
an internal standard; however, fractionations that were per-
formed for palatability assays did not contain the nicotine
standard. At the end of each fractionation, alkaloids were re-
suspended into a sucrose solution for palatability assays or
100% methanol for alkaloid identification and quantification,
depending on the fractionation type. For palatability assays,
100 μl of a blue 20% sucrose/50% ethanol solution (see below
for further details on the sucrose solution) was used to resus-
pend the alkaloids. This final solution was used to run palat-
ability assays with vinegar flies that reflected naturally occur-
ring alkaloid concentrations (Daly et al. 1978, 1987; Saporito
et al. 2007a, 2010a). For fractionations that were used for
alkaloid identification and quantification, 100 μl of 100%
methanol was added to resuspend the alkaloids.
Vinegar Fly Palatability Assays To test the palatability of
O. pumilio alkaloids to vinegar flies, two-choice feeding trials
were conducted in which vinegar flies were allowed the option
to feed on two different sucrose solutions – one that contained
alkaloids and one that did not (modified from Dyer et al.
2003). Previous studies have used D. melanogaster in multi-
ple choice feeding trials and have demonstrated that vinegar
flies show no preference for different colored solutions
(Meunier et al. 2003; Sellier et al. 2010); however, a pilot
study was conducted to determine if the vinegar flies to be
used in the present experiment show bias for red or blue food
coloring. Vinegar flies exhibited no preference between red
and blue food coloring (t58 = 0.945, p = 0.349), and therefore
color was added to each of the treatments (alkaloid vs. no
alkaloid). Vinegar fly abdomens are transparent, which
allowed for determining which colored solution they fed on
during each trial, or in some cases a mixture of both colored
solutions.
In developing the bioassay, it was important to determine if
vinegar flies were able to detect differences in alkaloid quan-
tity on a biologically relevant scale and whether or not they
exhibited a dose-dependent response. Using data from
Saporito et al. (2010a), Stynoski et al. (2014a), and Saporito
et al. (unpublished data), the average quantity of alkaloids in
O. pumilio was calculated to be approximately 400 μg/frog,
which is approximately equivalent to a 1 μg/μl solution fol-
lowing an alkaloid fractionation. Most frog alkaloids are not
available commercially, and obtaining adequate quantities of
natural frog alkaloids was not feasible for piloting a bioassay.
Therefore, synthetic decahydroquinoline (DHQ), an alkaloid
class that is commonly found in skin secretions of O. pumilio
(Saporito et al. 2007a), was used to create a 1 μg/μl solution
for testing the effectiveness of the bioassay on a biologically
relevant scale. To test vinegar flies’ ability to detect differ-
ences in palatability of DHQ at different concentrations, a
two-choice feeding trial was conducted where the vinegar flies
had access to two sucrose solutions, one that contained 1 μg/
μl DHQ and one that did not contain DHQ. On average, vin-
egar flies significantly avoided the solution that contained the
1 μg/μl DHQ (p < 0.001), and when the concentration of
DHQ underwent serial dilutions, vinegar flies exhibited less
of a preference for solution type (data not shown). The ability
of vinegar flies to detect differences in alkaloid concentration
(quantity) and in a dose-dependent manner suggests that their
ability to taste is sensitive enough to detect differences in
alkaloids among individuals of O. pumilio at a biologically
relevant concentration.
Following methods similar to these pilot experiments, a
palatability assay was conducted using the naturally occurring
frog alkaloids that were extracted from skins ofO. pumilio. In
this assay, red and blue food coloring were added to the con-
trol (no alkaloid) and treatment (alkaloid) solutions, respec-
tively, in order to distinguish between feeding preferences
during trials. Two stock solutions were made for use in the
palatability assays, one for the control solution (no alkaloids)
and one for the treatment solution (alkaloids). Each stock so-
lution contained 20 ml of 20% sucrose/50% ethanol. For the
control solution, 100 μl of red food coloring (Market
Pantry®) was added to one 20 ml stock solution. For the
alkaloid treatment solution, 50 μl of blue food coloring
(Market Pantry®) was added to the 20 ml of 20% sucrose/
50% ethanol solution. A portion (100 μl) of the blue sucrose
stock solution made here was used to resuspend the naturally
occurring frog alkaloids following a fractionation. This proce-
dure was performed for all 15 frogs skins, so that each treat-
ment solution reflected an individual frogs’ naturally occur-
ring alkaloid defenses for use in the palatability assays.
Each vinegar fly palatability assay was conducted using 10
individual D. melanogaster (wingless, wild type, Carolina
Science) that were starved for 24 h, were 3–11 days old (av-
erage 5 days old), and were grown on standard vinegar fly
media (Formula 4–24® Plain, Carolina Science). These 10
starved vinegar flies were placed in a 9 cm petri dish
(Fisherbrand, 100 mm × 15 mm, sterile, Polystyrene), lined
with filter paper dampened with deionized water (to provide
moisture for the vinegar flies), which contained 10 μl of the
control and 10 μl of the alkaloid solution on plastic cover slips
(22 mm Fisherbrand® 2R Plastic Cover Slips). Following the
methods of previous studies (Sellier et al. 2010; Devambez
et al. 2013, Saporito et al. unpublished), the vinegar flies were
allowed to feed on the solutions for 2 h in the dark, and then
euthanized by freezing. In order to quantify feeding prefer-
ence, vinegar flies were examined under a dissecting micro-
scope for the presence of red, blue, or purple (mixed) colored
solutions in their abdomens and counted. From this count, a
palatability index for each assay was calculated to determine
the relative palatability of each alkaloid solution. The palat-
ability index is a value that ranges from −1 to +1, where zero
and positive values represent a palatable alkaloid solution and
negative values indicate an unpalatable alkaloid solution rela-
tive to the control (modified from Dyer et al. 2003; Schulte
et al. 2016). This index was calculated as followed: ((# of blue
vinegar flies - # of red vinegar flies - 0.5 * # of purple vinegar
flies) / (# of blue vinegar flies + # of red vinegar flies + # of
purple vinegar flies). In order to examine if alkaloid palatabil-
ity is perceived by vinegar flies in a dose-dependent manner,
three alkaloid concentrations were tested for each individual
frog in two-choice feeding assays, which represented 2.5%,
1.25%, and 0.625% of the total quantity of the alkaloids pres-
ent in each individual frog skin samples. Each alkaloid extract
from an individual frog was included in four independent
replicate assays, and at each of the three concentrations
(n = 12 for each individual frog skin extract).
Ant Palatability Experiment – Frog and Alkaloid
Collection Seventy individualO. pumiliowere collected from
five locations in Costa Rica between 23 May 2015 and 17
June 2015. These samples were collected from Tortuguero
(10°35′14″N, 83°31′34″W), La Selva Biological Research
Station (10°26′N, 83°59′W), Rio Palmas (10°10′16″N,
83°36′26″W), Hone Creek (9°39′23″N, 82°47′6″W), and
Gandoca (9°35′03″N, 82°37′13″W). Ten frogs from each lo-
cation were used in ant palatability assays (five males and five
females, with the exception of Rio Palmas, where four males
and six females were collected). Following the methods of
Saporito et al. (2006, 2007a, and 2010a), only adult frogs were
collected (snout-to-vent length > 19.0 mm) from a single
45 m × 45 m plot. At one location, La Selva Biological
Research Station, an additional five males and five females
were collected (for a total of 10 individuals of each sex) along
with 10 juveniles, in order to examine differences in alkaloid
palatability between frog sex and life stages.
In the field, alkaloids were collected from frog skins using
a Transcutaneous Amphibian Skin Stimulator (TAS, Grant
and Land 2002). The TAS applies a consistent electrical cur-
rent that stimulates the release of alkaloids from granular
glands onto the frog’s dorsum, allowing for the alkaloids to
be collected (Hantak et al. 2013). The TAS was applied to
each frog for three minutes (Amplitude: 9 V, Frequency:
50 Hz, Pulse width: 2 ms), moving the electrode up and down
the frogs’ dorsum between the head and thigh, holding the
electrode in contact with the skin for no more than three sec-
onds at a time. This technique is non-destructive and did not
result in harm or death to any frogs (also see Grant and Land
2002; Hantak et al. 2013; Saporito et al. unpublished data). At
the end of the three-minute period, the skin secretions were
collected by wiping the frogs’ dorsum with a 6 mm circle of
bibulous paper (created by hole punch) held by forceps. The
frogs were wiped from head to thigh and on the dorsal and
ventral sides, using as many bibulous circles as needed (aver-
age: 4.6 bibulous circles) until the frog skin was dry and all
visible alkaloid was collected. Frogs were collected in the field
and housed in 1 gal Ziploc® bags with wet leaf litter from the
time of capture until their release. Alkaloids were extracted
from each individual frog on the day of collection and frogs
were allowed a 10–20 min recovery period after the TAS
treatment. All frogs were returned alive to their point of cap-
ture the following day.
The circles of bibulous paper containing alkaloids were
placed into individually marked 1.8 ml glass vials with a
Teflon-lined lid containing 1 ml of 100% ethanol. 500 μl of
the ethanol/TAS extract were transferred to a separate 1.8 ml
vial for later alkaloid analyses, whereas 500 μl of 40% sucrose
was added to the remaining 500 μl to make the 20% sucrose/
50% ethanol solution (with alkaloids) to be used in the palat-
ability assay. For each individual frog skin TAS sample, one
alkaloid fractionation was performed (n = 70 fractionations)
for alkaloid identification and quantification, which was iden-
tical to the alkaloid fractionation described above for the
whole frog skins.
Ant Palatability Assays Using the TAS-collected frog alka-
loid samples from five locations throughout Costa Rica, ant
palatability trials were conducted at La Selva Biological
Research Station, which housed the necessary facilities for
these experiments. Naïve Ectatomma ruidum were collected
for use in palatability assays from various locations through-
out the La Selva trail system (STR 0–10), arboretum (SURA
500–650), and the lab clearing. Ants were collected each day
(ca. 250–350 ants) between the hours of 0730–1400 (most
often between 0800 and 1000), and housed in 25–35 different
containers for the duration of the 48-h starvation period. In
order to ensure that ants had no prior contact with frogs used
in the present study, the frog and ant collection occurred in
separate locations at La Selva. Ant nests were baited for col-
lection with Jolly Ranchers® (variety pack). The ants were
individually collected with pressure sensitive forceps and
placed in small plastic containers (4 oz.) with lids, each of
which housed approximately 10 ants from the same bait loca-
tion. All ants placed into a single container were collected
within a 2 m radius and were presumed to be members of
the same nest (Lachaud 1990). Various nests from one site
were sampled each day, different sites were sampled each
day, and no site was revisited more than three times through-
out the study.
Similar to the vinegar fly palatability assays, the ant palat-
ability assays consisted of two-choice feeding trials, which are
described briefly here. In each trial, ants were presented with a
control sucrose solution and an alkaloid-containing sucrose
solution (e.g., Molleman et al. 2010; Schulte et al. 2016),
where ant feeding preference was observed throughout a 5-
min trial in order to establish a palatability index that ranged
from −1 to +1 for each individual frog. The control solution
consisted of 20% sucrose/50% ethanol and the alkaloid-
containing solution (treatment solutions, n = 70) consisted of
20% sucrose/50% ethanol plus naturally occurring alkaloids
collected using the TAS from an individual O. pumilio. The
unique treatment solution created for each individual frog was
presented along with a control solution in 15 separate two-
choice feeding trials.
Palatability assays took place in open-faced glass petri
dishes (arenas) that were 5, 6, or 7 cm in diameter. In each
arena, 10 μl of each of the two solutions was placed on sep-
arate, pre-cut 1/6 pieces of a plastic cover slip (22 mm
Fisherbrand® 2R Plastic Cover Slips) set approximately
3 cm apart. A single ant was placed in an individual arena
with access to both the control and treatment solutions, alter-
nating the location of the solutions between different trials. Up
to three individual trials were carried out at one time
(Molleman et al. 2010) for up to 5 min (Schulte et al. 2016),
in which each ant was recorded for the number of times it
sampled both control and treatment solutions, as well as the
length of time it took for the ant to feed or Bchoose^ one of the
two solutions presented. Each palatability assay was terminat-
ed when the ant Bchose^ one of the two solutions presented, or
at the end of the 5-min time period. If the ant did not choose a
feeding solution within the 5-min time frame, the trial was
discarded and repeated with a new ant. BSampling^ was con-
sidered any direct contact the ant had with its mandibles or
antenna with a solution that did not result in the ant feeding or
Bchoosing^ the solution. An ant was considered to Bchoose^ a
solution if the ant’s mandibles remained in constant contact
with the solution for more than 3 s or if the ant was observed
carrying a droplet of the solution (Schulte et al. 2016). If an ant
was carrying a solution, it was presumed that the ant would
feed on that solution (Breed et al. 1990; Lachaud 1990).
From each trial, the solution that each ant Bchose^ was
recorded, and used to calculate a palatability index for each
individual frog. A total of 15 individual trials (using the same
alkaloid solution from the same frog) were used to calculate a
single average palatability index for each frog’s unique alka-
loid mixture. Similar to the palatability index for the vinegar
fly assays (see above), the index was calculated as follows: (#
of ants that fed on alkaloid solution - # of ants that fed on
control solution) / (total # of ants). In order to examine wheth-
er or not alkaloid palatability is perceived by E. ruidum in a
dose-dependent manner, three TAS alkaloid concentrations
were tested for each individual frog, which represented
0.5%, 0.25%, and 0.167% of the total alkaloid quantity col-
lected with the TAS. Each alkaloid extract from an individual
frog was included in 15 independent trials, and at three differ-
ent concentrations (n = 45 for each individual TAS extract).
All 15 trials per individual frog were conducted in the same
sitting due to logistic constraints, with each trial using a single
ant from a randomly chosen nest to decrease the chance of bias
due to ant nest. The order at which each frog sample was used
in a trial was randomly selected among individuals, geograph-
ic locations, and concentrations.
Alkaloid Characterization All alkaloids from individual al-
kaloid fractionations (whole skin and TAS samples; see above
for details) were identified and quantified using Gas
Chromatography-Mass Spectrometry (GC-MS) (Saporito
et al. 2010a). The samples were analyzed on the GC-MS in-
strument using a temperature program from 100 to 280 °C at
the rate of 10 °C per minute with helium as a carrier gas (1 ml/
min). The GC-MS was a Varian 3900 GC coupled with a
Varian Saturn 2100 T ion trap MS with a 30 m × 0.25 mm
i.d. Varian Factor Four VF-5 ms fused silica column. All al-
kaloid samples were analyzed using both electron impact
mass spectrometry (EI-MS) and chemical ionization mass
spectrometry (CI-MS), with methanol as the ionizing reagent.
Alkaloids isolated from whole skin fractionations were
manually injected into the instrument using 1 μl of the
final 100 μl alkaloid extract, whereas alkaloids isolated
from TAS samples were analyzed by injecting 2 μl of
the 100 μl final alkaloid extract using the auto-sampler
function on the GC-MS. Each individual frog extract
(n = 15 for whole frog skin fractionations; n = 66 for
TAS fractionations) was run in triplicate on EI-MS for
identification and quantification purposes (n = 45 for
whole skin fractionations; n = 198 for TAS fractionations)
and once on CI-MS for alkaloid identification, resulting in
a total of 324 individual runs on the GC-MS. Individual
alkaloids for each run on the GC-MS were identified by
comparing retention times and mass spectral data to
known alkaloids found in dendrobatids (see Daly et al.
2005; Saporito et al. 2006; Hovey 2016). Dendrobatid
alkaloids have been assigned a coding system with bold-
face numbers and letters that distinguish different alkaloids
by molecular weight.
Alkaloid quantities for each individual frog were calculated
by comparing the peak area of each alkaloid to the peak area
of the nicotine standard using a Varian MS Workstation V.6.9
SPI. Only alkaloids that were present in quantities ≥0.5 μg
were included in the analyses of whole frog skins, whereas
alkaloids that were present in quantities ≥0.01μg were includ-
ed in the analyses for TAS samples. In the few instances in
which an alkaloid was not present in all triplicate EI-MS anal-
yses (due to its extremely low abundance in a frog skin), the
individual alkaloid was removed from the analysis.
Statistical Analyses One-tailed independent samples t-tests
were used to test if frog alkaloids were considered unpal-
atable to vinegar flies and ants at each of the three con-
centrations (see above for concentrations). Palatability in-
dex scores of zero or greater are considered palatable, and
therefore average palatability indices for all frogs were
compared to a hypothesized mean of zero (Dyer et al.
2003). A linear regression was used to determine if there
was a dose response in palatability among concentrations.
Differences in alkaloid palatability among O. pumilio pop-
ulations to vinegar flies were examined using a nested
one-way ANOVA (replicates of each individual frog were
treated as subsamples nested within individuals) with
Tukey’s post-hoc pairwise comparisons. Differences in al-
kaloid palatability among populations, sexes, and life
stages of O. pumilio to ants were examined using a one-
way ANOVA with Tukey’s post-hoc pairwise comparisons.
Linear regressions were used to investigate the relation-
ships between alkaloid palatability and frog alkaloid diver-
sity and quantity. Differences in alkaloid composition
among individual frogs with respect to the number, quan-
tity, and type of alkaloids were graphically visualized
using non-metric multidimensional scaling (nMDS), and
statistical differences in alkaloids among populations were
examined with a one-way analysis of similarity
(ANOSIM) for all individuals. nMDS and ANOSIM sta-
tistics were based on Bray–Curtis similarity matrices. All
raw data were checked for normality using the Shapiro-
Wilk test. All parametric statistical analyses were per-
formed using GraphPad Prism Software (version 6.0 h)
and SPSS (version 14.0), and multivariate statistics were
performed with PRIMER-E (version 5).
Results
Vinegar Fly Palatability Experiment Frog alkaloids were
significantly unpalatable to vinegar flies at all three concen-
trations 2.5% (t = 16.16, df = 14, P ≤ 0.001), 1.25% (t = 12.78,
df = 14, P ≤ 0.001), and 0.625% (t = 4.68, df = 14, P ≤ 0.001).
Furthermore, there was a significant dose response in palat-
ability among concentrations (F1,43 = 11.51, P = 0.002,
r2 = 0.21), with the highest concentration of alkaloids being
the most unpalatable and the lowest concentration of alkaloids
being the most palatable. Given the high level of unpalatabil-
ity for the highest concentration of alkaloids, the intermediate
concentration of 1.25% was used for all remaining vinegar fly
analyses.
There were significant differences in palatability among
populations of O. pumilio (F4,10 = 9.53, P = 0.002; Fig. 1a),
with no differences in palatability among individual subsam-
ples (F10,45 = 0.467, P = 0.902). The average population pal-
atability indices (PI) ranged from −1.00 to −0.53, where Cerro
Brujo, Isla Cristobal, and Isla Solarte were the most unpalat-
able frog locations. Pairwise comparisons showed significant
differences in palatability between Isla Popa (P < 0.02) and
Isla Bastimentos (P < 0.01) when compared to Cerro Brujo,
Isla Cristobal, and Isla Solarte, respectively. There was no
relationship between alkaloid palatability and alkaloid quanti-
ty (F1,13 = 2.65, P = 0.128, r
2 = 0.17; Fig. 2a); however, there
was a significant negative relationship between alkaloid pal-
atability and alkaloid diversity (F1,13 = 15.87, P = 0.002,
r2 = 0.55; Fig. 3a), suggesting that diversity is a better predic-
tor of alkaloid palatability in these populations with a vinegar
fly model.
Ant Palatability Experiment – among Populations Frog
alkaloids were significantly unpalatable to ants at all three
concentrations 0.5% (t = 10.14, df = 49, P ≤ 0.001),
0.25% (t = 5.79, df = 49, P ≤ 0.001), and 0.167%
(t = 3.96, df = 49, P ≤ 0.001). Furthermore, there was
a significant dose response in palatability among con-
centrations (F1,148 = 23.78, P ≤ 0.001, r2 = 0.14), with
the highest concentration of alkaloids being the most
unpalatable and the lowest concentration of alkaloids
being the most palatable. The quantity of alkaloids ob-
tained using the TAS was less than the total quantity
present in an individual frog skin (ranging from 25 to
50% of the total quantity; unpublished data); therefore,
the maximum concentration of 0.5% was used for the
remainder of the analyses.
There were significant differences in palatability among
populations of O. pumilio (F4,45 = 2.77, P = 0.038; Fig. 1b).
The average population palatability indices (PI) ranged from
−0.49 to −0.16, where La Selva was the most palatable pop-
ulation with an average PI of −0.16. Pairwise comparisons
showed significant differences in palatability between La
Selva and each of the four other populations (Tortuguero,
Rio Palmas, Hone Creek, and Gandoca P < 0.03). There
was a significant negative relationship between alkaloid pal-
atability and alkaloid quantity (F1,44 = 23.78, P < 0.001,
r2 = 0.35; Fig. 2b) and alkaloid diversity (F1,44 = 9.55,
Fig. 1 Mean palatability scores (±1 S.E.) for (a) Drosophila
melanogaster (vinegar fly) palatability assays at 1.25% alkaloid
concentration for each of the five populations of Oophaga pumilio from
Bocas del Toro, Panama, (b) Ectatomma ruidum (ant) palatability assays
at 0.5% TAS alkaloid concentration for each of the five populations of
Oophaga pumilio from Costa Rica. For both (Fig. 1a and b), the dotted
line represents the point at which the solution of alkaloids is considered
palatable
Fig. 2 The relationship between alkaloid palatability and alkaloid
quantity for Oophaga pumilio from (a) Bocas del Toro, Panama to
vinegar flies (D. melanogaster) at 1.25% alkaloid concentration (μg per
skin), (b) Costa Rica to the ant Ectatomma ruidum at 0.5% TAS alkaloid
concentration (μg per TAS sample). For both (Fig. 2a and b), the dotted
line represents the point at which the solution of alkaloids is considered
palatable
P = 0.004, r2 = 0.18; Fig. 3b), suggesting that both quantity
and diversity are predictors of alkaloid palatability in these
populations to E. ruidum.
Ant Palatability Experiment – within La Selva Population
Frog alkaloids were significantly unpalatable to ants at the
0.5% (t= 5.04, df = 29,P< 0.001) and 0.25% (t= 2.66, df = 29,
P P = 0.013) concentrations, but not at the 0.167% concentra-
tion (t = 1.61, df = 29, P = 0.117). Furthermore, there was a
significant dose response in palatability among concentra-
tions, with the highest concentration of alkaloids being the
most unpalatable and the lowest concentration of alkaloids
being the most palatable (F1,88 = 5.92, P = 0.017;
r2 = 0.06). The 0.5% concentration was much more un-
palatable when compared to the other concentrations, and
therefore the intermediate concentration of 0.25% was
used for all remaining analyses.
There were significant differences in palatability among
sexes and life stages (F2,27 = 6.02, P = 0.007; Fig. 4a). The
average palatability indices (PI) for females, males, and juve-
niles ranged from −0.35, 0.0, and −0.06, respectively.
Pairwise comparisons showed significant differences in palat-
ability between females and males (P = 0.009) as well as
between females and juveniles (P = 0.031).
There were significant differences in alkaloid quantity
among females , males , and juveni le O. pumil io
(F2,27 = 9.82, P = 0.001; Fig. 4b). The average alkaloid quan-
tity for females, males, and juveniles was 36 μg, 7 μg, and
2 μg, respectively. Pairwise comparisons showed significant
differences in alkaloid quantity between females and males
(P = 0.002) as well as between females and juveniles
(P < 0.001). There were significant differences in alkaloid
diversity among females, males, and juvenile O. pumilio
(F2,27 = 21.36, P < 0.001). The average alkaloid diversity
Fig. 3 The relationship between alkaloid palatability and alkaloid
diversity for Oophaga pumilio from (a) Bocas del Toro, Panama to
vinegar flies (D. melanogaster) at 1.25% alkaloid concentration (μg per
skin), (b) Costa Rica to the ant Ectatomma ruidum at 0.5% TAS alkaloid
concentration (μg per TAS sample). For both (Fig. 3a and b), the dotted
line represents the point at which the solution of alkaloids is considered
palatable
Fig. 4 (a) Mean palatability scores (±1 S.E.) for Ectatomma ruidum (ant)
palatability assays at 0.25% TAS alkaloid concentration for each of the
female, male, and juvenile of Oophaga pumilio from La Selva, Costa
Rica. The dotted line represents the point at which the solution of
alkaloids is considered palatable. (b) Mean alkaloid quantity (μg per
TAS sample) (± 1 S.E.) for female, male, and juvenile Oophaga pumilio
from La Selva, Costa Rica
for females, males, and juveniles was 30, 17, and 8, respec-
tively. Pairwise comparisons showed significant differences in
alkaloid diversity among females, males, and juveniles
(P ≤ 0.013). There was a significant negative relationship
between alkaloid palatability and alkaloid quantity
(F1,28 = 6.38, P = 0.018, r
2 = 0.19) and alkaloid diversity
(F1,28 = 6.10, P = 0.020, r
2 = 0.18), suggesting that both
quantity and diversity are predictors of alkaloid palatability
within this population to E. ruidum.
Alkaloid Variation – PanamaGC-MS analysis ofO. pumilio
skin extracts from five different populations (n = 15 frogs) in
Bocas del Toro, Panama led to the detection of 157 unique
alkaloids (including isomers) organized into 18 structural clas-
ses (Table 1). Alkaloid composition was significantly different
among O. pumilio populations (Global R = 0.99, P = 0.001),
and each of the five locations was significantly different from
each other (Global R ≥ 0.92, P = 0.001, Fig. 5a). Frogs
contained an average of 20–45 different alkaloids among pop-
ulations, and the most common alkaloid (present in each in-
dividual from all populations) was the mite derived alkaloid
5,8-disubstituted indolizidine (5,8-I) 205A. In general, the
most widespread alkaloids, which composed 48% of alkaloid
quantity in Panamanian O. pumilio, were 5,8-Is and 5,6,8-
trisubstituted indolizidines (5,6,8-I), which have branched car-
bon skeletons and are of oribatid mite origin (Saporito et al.
2015). Additionally, alkaloids with unbranched carbon skele-
tons are der ived f rom myrmic ine ants , such as
decahydroquinolines (DHQ) and 3,5-disubstituted
pyrrolizidines (3,5-P; Saporito et al. 2012) and composed
23% of Panamanian alkaloid quantity. Although 5,8-Is,
5,6,8-Is, DHQs, and 3,5-Ps were the most common and wide-
spread alkaloids, a variety of other alkaloids such as
pumiliotoxins (PTX), allopumiliotoxins (aPTX), Tricyclics
(Tri), and Unclassified alkaloids (Unclass), contributed to
the extensive variation observed among Panamanian popula-
tions of O. pumilio. The average quantity and number of al-
kaloids, as well as the five most abundant alkaloids and their
alkaloid classes in frogs from each of the five locations are
indicated in Table 2.
Alkaloid Variation – Costa Rica GC-MS analysis of
O. pumilio TAS extracts from five different populations
(n = 46 frogs) in Costa Rica led to the detection of 336 unique
alkaloids (including isomers) organized into 22 different struc-
tural classes (Table 1). Alkaloid composition was significantly
different among frog locations in Costa Rica (Global R = 0.94,
P = 0.001) and each of the five locations were significantly
different from each other (Global R ≥ 0.85, P = 0.001;
Fig. 5b). Frogs contained an average of 11–60 different alka-
loids among populations, and the most frequently detected
alkaloids in Costa Rica were the mite derived alkaloid 5,6,8-
I 223A and ant derived 3,5-P 223H. Costa Rican populations
are dominated by 5,8-Is and 5,6,8-Is, which have branched
carbon skeletons and are of oribatid mite origin (Saporito
et al. 2015). Additionally, alkaloids with unbranched carbon
skeletons and are derived frommyrmicine ants, such as DHQs
and 3,5-Ps (Saporito et al. 2012), made up 21% of Costa Rican
alkaloid quantity. The average quantity and number of alka-
loids, as well as the five most abundant alkaloids and their
alkaloid classes in frogs from each of the five locations are
indicated in Table 2.
GC-MS analysis of ten male, ten female, and ten juvenile
O. pumilio from La Selva (n = 30 frogs) in Costa Rica led to
the detection of 98 unique alkaloids (including isomers) orga-
nized into 16 different structural classes. La Selva was in
general dominated by mite derived 5,8-Is (195I and 207A)
as well as Unclass 247L. Alkaloid composition was signifi-
cantly different among frog sexes and life stages (Global
R = 0.33, P = 0.001), with females, males, and juveniles being
significantly different from each other (Global R ≥ 0.23;
P ≤ 0.009 for all comparisons).
Discussion
Organisms that sequester chemical defenses from dietary
sources typically exhibit extensive variation in both their
quantity and type of defensive chemicals; however, there is
little understanding of how this variation, particularly in ver-
tebrates, is perceived and acted upon by potential predators
(Bowers 1992; Saporito et al. 2012; Speed et al. 2012).
Dendrobatid frogs sequester a diversity of alkaloids from their
diet, and possess significant variation in the quantity and type
of alkaloid defenses (e.g., Jeckel et al. 2015; Saporito et al.
2007a; Stynoski et al. 2014a). Arthropods are known preda-
tors of dendrobatids, and the results of the present study sug-
gest that vinegar flies (D. melanogaster) and ants (E. ruidum)
find alkaloids of the dendrobatid frog O. pumilio to be unpal-
atable. Furthermore, the extensive differences in alkaloid de-
fenses within and among populations ofO. pumilio are largely
perceived by these same arthropods as differences in palatabil-
ity. Although D. melanogaster and E. ruidum are not natural
predators of O. pumilio, these findings suggest that arthropod
predators might perceive and respond differentially to variable
alkaloid defenses. Phytophagous arthropods that sequester
their variable chemical defenses from host plants are well
known to differ in their palatability to natural predators, which
has been shown to result in differential predation by both
vertebrate and invertebrate predators (Hartmann et al. 2001;
Bowers 2003; Brower 1967, 1968). The findings of the pres-
ent study represent the first direct evidence for the presence of
a palatability spectrum in a vertebrate that sequesters its chem-
ical defenses from dietary sources. The presence of a palat-
ability spectrum suggests that variable alkaloid defenses in



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































relevant and play an important role in natural predator-prey
interactions, in particular with respect to arthropod predators.
Overall, the quantity, diversity, and type of alkaloid de-
fenses in O. pumilio each contributed to the observed differ-
ences in palatability within and among frog populations from
Panama and Costa Rica. A strong dose response was observed
in which higher concentrations of alkaloids were less palatable
to vinegar flies and ants, suggesting that alkaloid quantity in
O. pumilio is directly related to palatability. Alkaloid quantity
is highly correlated with alkaloid diversity (Saporito et al.
2007a, 2010a), and it appears that both variables are important
in understanding frog alkaloid avoidance by arthropods.
Alkaloid quantity was a significant predictor of palatability
for E. ruidum, in which populations of O. pumilio with more
alkaloids were avoided more strongly by ants. Although pop-
ulations of frogs that contained the highest quantity of alka-
loids were also strongly avoided by D. melanogaster, high
alkaloid diversity was a better predictor of palatability when
compared to quantity in the vinegar fly model. For both ar-
thropod species, however, frog populations with the fewest
alkaloid defenses (quantity and diversity) were the most pal-
atable. For example, frogs from Isla Popa contained about half
the quantity of alkaloids when compared to all other
Panamanian populations, and frogs from La Selva
contained on average five to ten-fold less alkaloids when
compared to the other Costa Rican populations (Table 2).
In both cases, arthropods found frogs from these popula-
tions to be the most palatable. Frogs from all other
Panamanian and Costa Rican populations contained larger
quantities of alkaloids, and were avoided more strongly by
both arthropods. With respect to alkaloid diversity, frogs
from Isla Bastimentos and Isla Popa had the lowest alka-
loid diversity (26 and 19 alkaloids, respectively), and were
the most palatable Panamanian populations. Furthermore,
and demonstrating the complexities between alkaloid
quantity and diversity, frogs from Isla Bastimentos and
Cerro Brujo shared similar quantities of alkaloids, but frogs
from Cerro Brujo were considered significantly more un-
palatable. Although alkaloid quantity was equivalent be-
tween these two locations, frogs from Cerro Brujo
contained nearly double the alkaloid diversity (43 alkaloids)
when compared to Isla Bastimentos (26 alkaloids). A sim-
ilar pattern was observed among Costa Rican frogs, where
frogs from Rio Palmas contained an average of 35 alka-
loids, and were equally unpalatable to other populations
that did not contain the same diversity, but instead pos-
sessed 1.5–2 times the quantity of alkaloids. Similarly,
the predatory orb-weaving spider, Nephila clavipes
avoids the phytophagous arctiine moth, Utethesia
ornatrix that sequesters pyrrolizidine alkaloids from host
plants and avoidance is dependent on alkaloid quantity
and type (Martins et al. 2015; Silva and Trigo 2002).
Spiders avoid pyrrolizidine alkaloids in a dose-
dependent manner such that large quantities render
moths completely protected; however, similar to the
present study, there were also differences in predator
avoidance (independent of quantity) that are related to
alkaloid diversity and alkaloid type (Silva and Trigo
2002).
Alkaloid defenses of O. pumilio are also known to vary
within populations (Daly et al. 1994; Saporito et al. 2010a,
2012; Stynoski et al. 2014a, 2014b), and in the current study,
differences in alkaloid defenses and palatability were ob-
served between sexes and life stages for one population.
Assays with the ant, E. ruidum at La Selva, Costa Rica found
differences in palatability that were largely attributed to differ-
ences in alkaloid quantity. FemaleO. pumiliowere considered
more unpalatable to ants when compared to males and juve-
niles, both of which contained more than five-fold lower














Fig. 5 nMDS plot of variation in alkaloid composition of Oophaga
pumilio among the five locations examined in (a) Bocas del Toro,
Panama (b) Costa Rica. Each symbol represents an individual frog from
a specific location. The distance between any two symbols (frogs) repre-
sents the proportional difference in alkaloid composition between those
two individual frogs
demonstrated that bullet ants (Paraponera clavata) could de-
tect differences in the quantity of alkaloid defenses between
adult and juvenile O. pumilio, resulting in higher levels of
bullet ant predation upon juveniles. In the present study, juve-
niles and males had lower quantities of alkaloids and were
considered more palatable to E. ruidum. Alkaloid quantity
appears to be an important predictor for understanding how
strongly O. pumilio will be avoided by ant predators, both
among populations as well as between sexes and life stages.
Different alkaloids are known to vary in their toxicity to
certain vertebrates and invertebrates (Daly et al. 1994; Daly
and Spande 1986; Sellier et al. 2010; Weldon et al. 2013; see
Table 21.2 in Santos et al. 2016), and therefore alkaloid type is
likely related to arthropod palatability. Dendrobatid frogs ob-
tain their alkaloid defenses by consuming a diversity of
alkaloid-containing mites, ants, beetles, and millipedes
(Donnelly 1991; Saporito et al. 2007a, 2009, 2012, 2015),
and the nature of these different alkaloid sources may contrib-
ute to differences in palatability. The two most palatable frog
populations in Panama were Isla Bastimentos and Isla Popa,
which were dominated by mite alkaloids including 5,8-disub-
stituted indolizidines (5,8-Is), 5,6,8-trisubstituted
indolizidines (5,6,8-Is), and 1,4-disbustituted quinolizidines
(1,4-Qs). The most palatable population in Costa Rica was
La Selva, which was also dominated bymite-derived alkaloids
such as 5,8-Is. Weldon et al. (2013) recently demonstrated that
5,8-Is had the lowest levels of contact toxicity to the fire ant,
Solenopsis invicata, which is also consistent with toxicity
scores for these alkaloids using LD50 assays on laboratory
mice (Daly and Spande 1986; see Table 21.2 in Santos et al.
2016). Collectively, these data suggest that frog populations
dominated by mite-derived alkaloids might be more palatable
to certain arthropod predators. Conversely, some populations
of O. pumilio were dominated by ant-derived alkaloids, and
these populations tended to be more unpalatable to both vin-
egar flies and ants. For example, frogs fromRio Palmas, Costa
Rica had a relatively low average alkaloid quantity of 50 μg
per frog; however, were dominated by ant-derived alkaloids
such as 3,5-disubstituted indolizidines (3,5-Is) and 3,5-disub-
stituted pyrrolidines (3,5-Ps). Additionally, Isla Cristobal,
Panama was largely dominated by two ant-derived alkaloids,
(3,5-P) trans-223B and decahydroquinoline (DHQ) trans-
223F, representing 42% of the total alkaloid quantity in these
frogs. Isla Cristobal was the only Panamanian population that
was completely avoided, and lacked large amounts of mite-
derived pumiliotoxins or allopumiliotoxins. These findings
suggest that populations of O. pumilio that were dominated
by ant alkaloids, in general, were considered more unpalatable
to arthropods. Alkaloids are commonly used as a chemical
defense between ant species (Blum 1981; Berenbaum and
Seigler 1992; Jones et al. 1999), and therefore frogs containing
ant alkaloids may serve as a more effective defense towards


















































































































































































































































































































































































































































































































































(Murray et al. 2016) or army ant Eciton hamatum (Yeager
2013), both of which sample and reject dendrobatids.
Certain pumiliotoxin alkaloids are known to be particularly
toxic based on contact toxicity assays with the fire ant,
Solenopsis invicta, and LD50 assays with laboratory mice
(Daly et al. 1994; Daly and Spande 1986; Sellier et al. 2010;
Weldon et al. 2013; see Table 21.2 in Santos et al. 2016), and
therefore the presence of pumiliotoxin (PTX) and/or
allopumiliotoxin (aPTX) alkaloids, in particular, also appear
to be important in explaining differences in palatability in the
present study. Frogs from Cerro Brujo, Panama were less pal-
atable to the vinegar fly,D. melanogaster and were dominated
by a combination of both ant-derived and mite-derived alka-
loids; however, 10% of the total quantity of alkaloids consists
of one major mite-derived alkaloid, PTX 307A. Furthermore,
an equally unpalatable population was Isla Solarte, Panama,
which contained the mite-derived PTXs 307A and 323A, and
collectively make up 38% of the frog skin alkaloids in this
population. Pumiliotoxins appear to also contribute to the
avoidance of frogs from Rio Palmas, Costa Rica, which
contained large amounts of aPTX 267A. Weldon et al. (2013)
demonstrated that pumiliotoxins and allopumiliotoxins, specif-
ically aPTX 267A, PTX 307A, and PTX 323A, are most ef-
fective at reducing ambulation in the fire ant, S. invicta upon
contact, and in some cases cause convulsions (PTX 251D) at
relatively low concentrations (0.001–0.33 mM). Therefore, the
presence of pumiliotoxin and allopumiliotoxin alkaloids may
be largely responsible for the unpalatability of frogs from Isla
Solarte, Cerro Brujo, and Rio Palmas.
Collectively, alkaloid quantity, diversity, and type in
O. pumilio appear to play a complex role in avoidance re-
sponses of vinegar flies and ants, and provide insight into
our understanding of how arthropod predators might similarly
respond to variation in alkaloid defenses. Frogs that contain
larger quantities of alkaloids may be equally protected from
predators as frogs with lower quantities of alkaloids, if they
contain a broader diversity or specific highly unpalatable al-
kaloid defenses. However, different predators may perceive
the same alkaloid profiles differently, and therefore it will be
important for future studies to consider the mode by which
predators are coming into contact with alkaloid defenses as
well as how different predators respond to naturally occurring
variable alkaloid defenses.
Due to the aposematic nature of dendrobatid frogs, most
studies have focused on how vertebrate predators, more spe-
cifically color-visioned avian predators (domestic chickens),
perceive and respond to alkaloid-based defenses (e.g., Darst
and Cummings 2006; Darst et al. 2006; Stuckert et al. 2014).
Avian predators rely largely on visual cues to identify prey,
and in general, experimental evidence suggests that chickens
can learn to associate conspicuous coloration in dendrobatids
with the presence of alkaloids, and avoid preying upon certain
frogs (Darst and Cummings 2006; Darst et al. 2006; Stuckert
et al. 2014). Although the mechanisms by which birds per-
ceive alkaloids is not known, it is assumed that alkaloids are
simply considered distasteful and bitter, largely based on ob-
servations of rejection (Darst and Cummings 2006; Darst et al.
2006) and beak wiping by chickens following contact with
alkaloid-containing frogs (Stuckert et al. 2014). Differences
in alkaloid defenses (quantity, diversity, and type) may not
be as important to bird predators, as long as there are
sufficient amounts of alkaloids to elicit a bitter or distaste-
ful response (Darst and Cummings 2006; Darst et al.
2006; Stuckert et al. 2014).
Alternatively, arthropods primarily use contact chemorecep-
tion to assess prey (Fritz 1981; Hantak et al. 2016; Hovey et al.
2016; Isman 1992; Murray et al. 2016; Szelistowski 1985;
Weldon et al. 2013), and have a diversity of chemoreceptors
that are located on structures such as antenniform, maxillae,
labium, pedipalps, etc. (Isman 1992). Previous experimental
studies have demonstrated that ctenid spiders do not learn to
avoid dendrobatids, but instead indiscriminately attack frogs,
and in most cases, reject alkaloid-containing dendrobatids
(Gray et al. 2010; Hantak et al. 2016; Murray et al. 2016;
Szelistowski 1985). Interestingly, there are differences in how
certain predators respond to the dendrobatid frog, O. pumilio
within a population with more similar alkaloid defenses. A
recent study that took place at La Selva, Costa Rica (one of
the same locations as in the present study) found that ctenid
spiders avoided all O. pumilio, whereas bullet ants were sensi-
tive to differences in frog alkaloid quantity and preyed more
often upon juveniles that contained less alkaloids (Murray et al.
2016). The fact that certain arthropods respond differently to
similar alkaloid profiles, likely has important implications on
the degree of predation pressure frogs from a specific loca-
tion are experiencing. For example, in the present study, La
Selva, Costa Rica frogs were considered relatively palatable
to the ant, E. ruidum when compared to other locations. La
Selva frogs had the lowest quantity of alkaloids and were
dominated by mite-derived alkaloids, which may be effective
against spider predation, but less effective against ant preda-
tion. The relative palatability of adult O. pumilio to
E. ruidum at La Selva, coupled with experimental evidence
that ctenid spiders will avoid all O. pumilio from La Selva
(Murray et al. 2016), may indicate that spiders are a more
significant predator for frogs at this location, and that alka-
loid profiles in these frogs are effective against this particu-
lar predator assemblage. Conversely, populations whose
predator assemblage might be dominated by ant predators
may require having higher quantities of specific alkaloids,
such as ant-derived alkaloids for protection. Therefore, dif-
ferent geographic locations may have different predator as-
semblages that apply specific selective pressures upon frogs,
resulting in alkaloid profiles adequate for predator defense at
that location (Summers et al. 2015). Variable alkaloid de-
fenses in dendrobatids are largely believed to be due to
the availability of dietary arthropods (Saporito et al. 2009,
2012); however, nothing is known about whether or not
frogs Bchoose^ which alkaloid-containing prey to consume
beyond what is available to them. Further research is neces-
sary to understand the role that predation pressures may play
in driving frogs to find more or specific alkaloid-containing
prey to be protected from predation.
Variation in chemical defenses is common among organ-
isms that sequester defenses, including dendrobatids, and this
variation may or may not represent an adaptive trait (Speed
et al. 2012). According to recent theoretical studies, if vari-
ability in chemical defenses represents a non-adaptive trait, it
is expected that the presence of these defenses alone (indepen-
dent of variation) would result in equal predator avoidance
and protection from pathogens (Ruxton et al. 2004; Speed
et al. 2012). Alternatively, if variable defenses were an adap-
tive trait, it is expected that predators and pathogens would be
sensitive to this variation, resulting in differential selection
upon chemically defended frogs (i.e., a palatability spectrum)
(Bowers 1992; Brower et al. 1968; Speed et al. 2012). On the
basis of the findings in the present study, in which arthropods
responded differentially to variable alkaloid defenses, it is
possible that alkaloid defense in O. pumilio represents an
adaptive trait that is under selection by predators (or
pathogens; see Mina et al. 2015). If any combination of be-
havioral dietary preference or differences in alkaloid uptake
has any selective advantage against predators/pathogens, then
variable alkaloid defenses in O. pumilio (and possibly other
dendrobatids) may be an adaptive trait. The presence of a
palatability spectrum that results in differential feeding on
alkaloids in O. pumilio by arthropod models (vinegar flies
and ants) only provides the first step into understanding how
arthropod predators might respond to variable alkaloid de-
fenses in dendrobatid frogs, and further research will be nec-
essary to determine the potential adaptive nature of chemical
defense in dendrobatids.
Previous studies aimed at understanding how variable al-
kaloid defenses in dendrobatids are related to predator avoid-
ance have primarily been conducted using ‘toxicity assays’ by
way of subcutaneous alkaloid injections into mice (e.g., Daly
and Myers 1967; Darst and Cummings 2006; Darst et al.
2006; Maan and Cummings 2012). Lethality assays, such as
LD50 experiments, have demonstrated that variable alkaloid
profiles among species and populations of dendrobatids trans-
late into differences in toxicity (Daly and Myers 1967; Daly
and Spande 1986; Daly et al. 1987). Irritability assays, such as
the sleepingmouse assay, which measures the length of time it
takes a mouse (CD-1 outbred strain) to return back to sleep
after a subcutaneous alkaloid injection, have also reported
differences in alkaloid toxicity among species and populations
of dendrobatids (Darst and Cummings 2006; Darst et al. 2006;
Maan and Cummings 2012). Collectively, these types of stud-
ies have suggested that using mice in toxicity assays are
necessary, due to the lack of a more biologically relevant
and quantifiable measure of alkaloid defenses in dendrobatids.
Although these types of toxicity assays offer informative and
meaningful measures of alkaloid variation, they may not be
the most appropriate measure of predator avoidance. For one,
mammals are not known to be natural predators of
dendrobatid frogs (see Supplemental Table in Santos and
Cannatella 2011; Murray et al. 2016). Furthermore, natural
predators of dendrobatids are not injected with alkaloids, but
are instead coming into contact with alkaloid defenses by
sampling frogs during predation (feeding) events. Therefore,
understanding predator avoidance may be more accurately
understood by way of measuring alkaloid defenses in a manner
more consistent with the mode by which predators are coming
into contact with alkaloid defenses, such as the palatability
assays with arthropods used in the present study.
Additionally, it is equally important to consider how different
methods of measuring predator avoidance relate to one another.
In the present study, alkaloid palatability to vinegar flies
was not found to be strongly related to previously reported
alkaloid toxicity measures using laboratory mice for certain
populations of O. pumilio in Panama. Using different toxicity
assays, Daly and Myers (1967) [LD50 assays] and Maan and
Cummings (2012) [sleeping mouse assays] both found that
O. pumilio from Isla Bastimentos were among the most toxic
populations present in Bocas del Toro, Panama. Furthermore,
frogs from Isla Solarte, Panama were considered more toxic in
the sleeping mouse assay as compared to the LD50 assays of
Daly and Myers (1967) (Maan and Cummings 2012). In the
present study, frogs from Isla Bastimentos were found to be
the most palatable to vinegar flies, which is contrary to the
findings that frogs from this location are the most toxic to
laboratory mice. Furthermore, frogs from Isla Solarte were
found to be completely unpalatable to vinegar flies, which is
consistent with the toxicity measures for frogs from this same
location in Maan and Cummings (2012), but does not match
the toxicity measures for these same locations in Daly and
Myers (1967). Although limited in scope, these finding sug-
gest that palatability and toxicity assays are not strongly relat-
ed, and that toxicity measures may not be a reliable predictor
of predator response to frog alkaloid defenses. Therefore,
measuring predator avoidance in terms of ‘toxicity’ to labora-
tory mice might not translate directly to how arthropod pred-
ators perceive and respond to alkaloid defenses. It is possible
that the lack of congruence among these different assays is due
to temporal or small spatial differences in alkaloid defenses
(Daly et al. 1987; Saporito et al. 2006, 2007a), but addressing
this question will require further research in which toxicity
assays and palatability assays are conducted at the same time
and with the same individual frogs. Finally, toxicity to mice
may not be the most meaningful measure of predator avoid-
ance, especially with respect to arthropod predators.
Arthropod predators come into direct contact with chemically
defended frogs using their antenniform, pedipalps, etc. and
sample or taste the prey before making decisions to consume
them (Gray et al. 2010; Hantak et al. 2016; Hovey et al. 2016;
Isman 1992; Murray et al. 2016; Weldon et al. 2013).
Therefore, the palatability assays utilized in the present study
may represent a more biologically relevant measure of alkaloid
defenses against arthropod predators that use chemoreception.
Palatability assays provide a powerful tool to study chem-
ical defenses and predator avoidance in dendrobatid frogs.
Alkaloid defenses in O. pumilio were perceived as unpalat-
able, however, the degree of unpalatability differed among
populations as well as between sexes and life stages.
Arthropod models were sensitive to differences in alkaloid
profiles and responded accordingly as differences in avoid-
ance, which provides some of the first evidence of a palatabil-
ity spectrum for vertebrates that sequesters chemical defenses.
Differences in alkaloid profiles predict differences in palat-
ability where alkaloid quantity, diversity, and type all appear
to play an important role in the frogs’ defenses. Dendrobatid
frogs represent one of the few groups of vertebrates that se-
quester their defenses solely from diet, and therefore environ-
mental heterogeneity (e.g., variation in dietary arthropod
availability) likely plays a significant role in their ability to
defend themselves from predators. However, if different pred-
ator assemblages respond to alkaloid profiles differently, this
may have major implications in understanding predator-prey
dynamics and the ecological significance of variable chemical
defenses. Therefore, future studies should aim to further un-
derstand how different predators, both invertebrates and ver-
tebrates, respond to the same alkaloid profiles in order to un-
derstand how frogs are protected from various predation pres-
sures. Additionally, examining whether or not vertebrate pred-
ators such as birds are sensitive to a palatability spectrum or if
palatability changes over time, still remains to be tested. The
present study represents an important step in understanding
how arthropods perceive dendrobatid frogs with variable
chemical defenses and provides important insight into the
ecology and evolution of sequestered defenses in vertebrates.
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